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Nuclear egressUL24 of herpes simplex virus 1 (HSV-1) is widely conserved within theHerpesviridae family. Herein, we tested
the hypothesis that UL24, which we have previously shown to induce the redistribution of nucleolin, also
affects the localization of the nucleolar protein B23. We found that HSV-1-induced dispersal of B23 was
dependent on UL24. The conserved N-terminal portion of UL24 was sufﬁcient to induce the redistribution of
B23 in transient transfection assays. Mutational analysis revealed that the endonuclease motif of UL24 was
important for B23 dispersal in both transfected and infected cells. Nucleolar protein relocalization during
HSV-1 infection was also observed in non-immortalized cells. Analysis of infected cells by electronmicroscopy
revealed a decrease in the ratio of cytoplasmic versus nuclear viral particles in cells infected with a UL24-
deﬁcient strain compared to KOS-infected cells. Our results suggest that UL24 promotes nuclear egress of
nucleocapsids during HSV-1 infection, possibly though effects on nucleoli.n).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Many viruses recruit host nucleolar proteins to enhance their
replication thereby modifying the composition of nucleoli. Herpes
simplex virus 1 (HSV-1) infection induces multiple changes to
nucleoli, bothmorphological and functional. During infection, nucleoli
are elongated and marginalized to the edges of nuclei, and rRNA is
retained within nucleoli (Besse and Puvion-Dutilleul, 1996b). The
synthesis of mature rRNA is reduced during HSV-1 infection (Besse
and Puvion-Dutilleul, 1996a; Silverstein and Engelhardt, 1979;
Stenberg and Pizer, 1982; Wagner and Roizman, 1969). Furthermore,
an altered pathway of rRNA maturation has been detected in HSV-1-
infected cells (Belin et al., 2010).
Several nucleolar proteins have been shown to be relocalized
during HSV-1 infection. Nucleolin, B23 and ﬁbrillarin are multifunc-
tional proteins that contribute to the formation of mature rRNA and
ribosome biogenesis (Boisvert et al., 2007; Mongelard and Bouvet,
2007). Late in HSV-1 infection, nucleolin is dispersed throughout the
nucleus (Lopez et al., 2008; Lymberopoulos and Pearson, 2007) in a
manner dependent on expression of the viral protein UL24 (Lymber-
opoulos and Pearson, 2007). Cells in which nucleolin expression is
reduced by siRNA treatment produce reduced viral yields (Calle et al.,
2008). Recently, nucleolin was reported to interact with UL12, an
HSV-1 alkaline nuclease involved in viral DNA packaging, and was
shown to be important for efﬁcient nuclear egress of nucleocapsidparticles (Sagou et al., 2010). In contrast to nucleolin, ﬁbrillarin is
redistributed in spots throughout the nucleus during infection, some
of which localize to centromeres (Morency et al., 2007), and in a
manner independent of UL24 (Lymberopoulos and Pearson, 2007).
Like nucleolin, B23 is also dispersed throughout the nucleus during
HSV-1 infection (Calle et al., 2008); however, it is not known what
viral functions are responsible for this modiﬁcation or the impact on
viral replication.
Components of the basal RNA polymerase I (RNApolI) transcrip-
tion machinery are also affected by HSV-1. The RNApolI transcription
factor UBF is redistributed to puncti within viral replication compart-
ments (Lymberopoulos and Pearson, 2010; Stow et al., 2009). RNApolI
subunits are also relocalized during infection; however, the impact of
infection appears to differ depending on the subunit studied. RPA194,
the largest catalytic subunit remains associated with UBF during
infection and its redistribution, as well as that of UBF, is independent
of UL24 (Lymberopoulos and Pearson, 2010). Although there is
evidence supporting a role for UBF in HSV-1 replication, viral DNA
synthesis can be detected prior to the redistribution of UBF foci to viral
replication compartments (Lymberopoulos and Pearson, 2010; Stow
et al., 2009).
The UL24 gene is conserved throughout the Herpesviridae family.
UL24 of HSV-1 is expressed with leaky-late kinetics (Pearson and
Coen, 2002) and is important for high viral titers, especially in neurons
of infected mice (Jacobson et al., 1998, 1989). UL24 of HSV-1 is a 269
aa protein that contains ﬁve homology domains (HD), which consist
of stretches of amino acids that are conserved between orthologous
proteins in different herpesviruses (Jacobson et al., 1989). UL24 is
detected in both the nucleus and cytoplasm of infected cells (Pearson
Fig. 1. Effect of UL24 on B23 dispersal. Confocal images of Vero cells either mock-
infected or infected with the indicated virus. Cells were immunostained at 18 hpi for
B23 (green) and nuclei were stained with Draq5 (blue). In each set of three panels, the
left-hand, middle and right-hand panels correspond to B23, Draq5 and the merge
images respectively.
342 M.H. Lymberopoulos et al. / Virology 412 (2011) 341–348and Coen, 2002), and transiently localizes to nucleoli (Lymberopoulos
and Pearson, 2007). In the context of transient transfection, the N-
terminal portion of UL24 is sufﬁcient to induce the dispersal of
nucleolin in the absence of other viral proteins (Bertrand and Pearson,
2008). Furthermore, conserved residues in UL24 within the ﬁrst HD
and within the PD-(D/E)XK endonuclease motif, have been shown to
be important for the redistribution of nucleolin (Bertrand et al., 2010).
Based on our previous results, there appear to be at least two
categories of HSV-1-induced nucleolar modiﬁcations; UL24-depen-
dent and UL24-independent events. Although ﬁbrillarin and UBF are
redistributed independently of UL24 expression (Lymberopoulos and
Pearson, 2007, 2010), different mechanisms appear to be involved
since the kinetics and their patterns of relocalization differ (Lymber-
opoulos and Pearson, 2010). In contrast, we have shown that the
redistribution of nucleolin is a UL24-dependent event. Interestingly,
the redistribution of B23 occurs at later times post-infection (Calle et
al., 2008; Stow et al., 2009), and in a diffuse pattern, which is similar to
the dispersal of nucleolin. This observation led us to hypothesize that
B23 redistribution is functionally related to that of nucleolin. In
addition, based on the recent report that nucleolin is required for
efﬁcient nuclear egress of HSV-1 (Sagou et al., 2010), we further
hypothesized that UL24 is involved in nuclear egress.
In this study, we tested the involvement of UL24 in the dispersal of
B23 and investigated a possible link between UL24 and nuclear egress
of viral particles.
Results
The N-terminal domain of UL24 is sufﬁcient for B23 dispersal
B23 has previously been shown to be dispersed during infection
but the viral factors responsible have yet to be determined (Calle et al.,
2008). We tested the hypothesis that UL24 is involved in the
redistribution of B23 in HSV-1-infected cells. Vero cells were either
mock-infected or infected at a multiplicity of infection (MOI) of 10
with either the wild-type virus KOS or a UL24-deﬁcient strain, UL24X
(Jacobson et al., 1998). At 18 hpi, cells were ﬁxed and immunostained
for B23. Cells were visualized by confocal microscopy. In mock-
infected cells, B23 staining was present as one or two intense foci
corresponding to nucleoli, with some very faint diffuse nucleoplasmic
staining sometimes detected as well (Fig. 1). As observed previously,
B23 staining was dispersed throughout the nucleus in the majority of
KOS-infected cells, while in a minority of these cells the foci of B23
persisted. In contrast, the majority of UL24X-infected cells exhibited
foci of B23 staining. Similar to what we observed for nucleolin
(Lymberopoulos and Pearson, 2007), the morphology of B23 foci in
UL24X-infected cells was somewhat distorted compared to those in
mock-infected cells. This is likely an indirect effect of the extensive
morphological modiﬁcations to nucleoli and to nuclei observed during
infection (Besse and Puvion-Dutilleul, 1996a, 1996b; Roizman et al.,
2007; Silverstein and Engelhardt, 1979; Simpson-Holley et al., 2004;
Stenberg and Pizer, 1982; Wagner and Roizman, 1969). In a time
course experiment, we found that the dispersal of B23 was evident at
12 hpi, but little dispersal of B23 was detected in cells 6 hpi
(Supplemental Fig. S1). This result is reminiscent of our previous
observation that at 9 hpi, foci of nucleolin staining were still detected,
while by 18 hpi, very few were evident. Therefore, we identiﬁed B23
dispersal as a second UL24-dependent nucleolar modiﬁcation induced
during HSV-1 infection.
We previously showed that UL24 was not only necessary but
was sufﬁcient to induce the dispersal of nucleolin. To determine
whether UL24 was sufﬁcient to disperse B23 in the absence of
other viral proteins, we tested the effect on B23 localization of
transiently expressed UL24. COS-7 cells were transfected with
pLBPﬂ-HA-UL24, which expresses UL24 with an N-terminal
hemagglutinin (HA) tag (Bertrand and Pearson, 2008). At 48 hpost-transfection, cells were ﬁxed and immunostained for HA and
B23. In contrast to what was seen in cells that did not express HA-
UL24, the majority of cells expressing HA-UL24 exhibited a
dispersed pattern of B23 staining throughout the nucleus
(Fig. 2A, top panels). Therefore, in addition to the dispersal of
nucleolin, we found that UL24 was also sufﬁcient to disperse B23.
In our previous studies, the N-terminal domain of UL24, contained
within the ﬁrst 192 aa of the protein, was found to be sufﬁcient for
nucleolin dispersal (Bertrand and Pearson, 2008), while in cells
transfected with a vector expressing the C-terminal portion of
UL24 (amino acids 190 to 269) foci of nucleolin were intact. We
conducted a similar study to test the effect of the C- or N-terminal
portion of UL24 on the dispersal B23. Very few cells expressing the
N-terminal domain of UL24 retained B23 foci (Fig. 2A, middle
panels), which was in contrast to what we observed for cells that
expressed the C-terminal domain of the protein (Fig. 2A, bottom
panels). Therefore, the conserved N-terminal domain of UL24 was
sufﬁcient to induce the relocalization of B23.
The UL24 endonuclease motif is important for B23 dispersal
We previously showed that amino acid substitutions within the
ﬁrst HD of UL24, and overlapping or near the PD-(D/E)XK endonu-
clease motif, caused the most drastic reduction in the ability of UL24
to disperse nucleolin (Bertrand et al., 2010). We therefore sought to
determine if the same domains of UL24 were involved in the dispersal
of B23. Shown in Fig. 2B is a schematic illustrating the position of the
HDs in UL24, and the amino acid substitutions under study. COS-7
cells were transiently transfected with plasmids for expression of HA-
tagged wild-type UL24 or versions containing single or double amino
acid substitutions (Bertrand et al., 2010). At 48 h post-transfection,
cells were ﬁxed and immunostained for HA and B23. The number of
cells expressing HA-UL24 that retained nuclear foci of B23 staining
was scored; the data shown represent the average of three
Fig. 2. Impact of UL24 mutations on B23 distribution patterns. (A) Confocal images of COS-7 cells transiently transfected with a vector expressing HA-UL24 or the N- and C-terminal
portions of UL24 fused to an HA tag. Cells were immunostained for HA (green) and B23 (red). (B) Schematic of the HSV-1 UL24 protein. The black boxes represent the different
homology domains in UL24. The single or double substitution mutations analyzed in the experiments are indicated above and below the large box representing UL24; the number
represents the position of the residue that was altered. The original residue is indicated before the number, and the residue to which it was changed is indicated after the number.
Residues that form part of the endonuclease motif are indicated by asterisks. (C) Quantiﬁcation of B23 distribution patterns in COS-7 cells transiently expressing different forms of
HA-UL24 with the indicated amino acid substitutions. Error bars represent standard error of the mean.
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tion (Fig. 2C). For wild-type UL24, less than 5% of cells expressing HA-
UL24 exhibited the characteristic punctuate nucleolar staining for
B23. Similarly, in cells expressing the N-terminal portion of UL24, foci
of B23 were observed in less than 7% of the cells counted. In contrast,
93% of cells expressing with the C-terminal portion retained B23 foci.
The effect on B23 caused by the different substitutions could be
separated into three categories. The mutations that most severely
affected the ability of UL24 to modify the distribution of B23, where
greater than 50% of cells retained nucleolar foci, included Y26A, E69A/
V70A, I97A/I98A and E99A/K101A. Mutations with a moderate effect,
where only 34% to 47% of cells retained B23 foci, included H22L, R75A/
D78A, G121A, Q124A/L125A and Q154A. The Q117mutation had little
effect on the ability of UL24 to disperse B23, in that less than 9% of
transfected cells retained B23 foci. Thus, we found that highly
conserved residues in UL24 were of differing importance for the
ability of UL24 to disperse B23.
We sought to determine the effect of substitution mutations in
UL24 on B23 dispersal during infection. Vero cells were either mock-
infected or infected with KOS, UL24X, vUL24-E99A/K101A, or vUL24-G121A (Bertrand et al., 2010). At 18 hpi, cells were ﬁxed and
immunostained for B23 (green), and nuclei were stained with
Draq5 (blue) (Fig. 3A). In addition, the effect of each virus on B23
localization was quantiﬁed, and cells that retained nuclear foci of B23
staining were scored (Fig. 3B). The data represent an average of three
experiments where more than 90 cells were counted per infection.
Less than 4% of cells infected with the wild-type virus KOS retained
B23 foci, whereas more than 73% of cells infected with UL24X retained
prominent foci. The staining pattern for cells infected with either
independent isolate of vUL24-E99A/K101A was similar to that seen
with UL24X in that more than 77% of cells retained B23 foci. For cells
infected with either independent isolate of vUL24-G121A, an
intermediate staining pattern for B23 was observed whereby less
than 24% of cells retained strong nucleolar foci. Most cells infected
with vUL24-G121A exhibited diffuse nuclear staining for B23, and in
some a slightly brighter area in the nucleus was detected, but which
differed from the strong foci observed in either UL24X- or vUL24-
E99A/K101A-infected cells. The respective abilities of the mutant
viruses to disperse B23 were in keeping with the trend observed for
the substitutions in the context of transfection.
Fig. 3. Impact of UL24 mutant viruses on B23 distribution. (A) Confocal images of Vero cells either mock-infected or infected with the indicated virus at an MOI of 10. Cells were
immunostained at 18 hpi for B23 (green) and nuclei were stained with Draq5 (blue). Left-hand panels show B23 localization, center panels show Draq5 staining, and right-hand
panels show the merge image. (B) Quantiﬁcation of B23 distribution patterns in Vero cells either mock-infected or infected with the indicated virus. Error bars represent standard
error of the mean.
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non-immortalized cells
Previous studies describing nucleolar modiﬁcations induced by
HSV-1 infection have looked at immortalized cell lines. In order to
determine whether the distribution of nucleolin and B23 is affected
during infection of non-immortalized cells, and if so, to verify if UL24
is involved in their redistribution in these cells, we studied their
localization in HSV-1-infected Human foreskin ﬁbroblasts (HFF). HFF
cells were grown on coverslips and were either mock-infected or
infected with KOS or UL24X at an MOI of 10. At 18 hpi, cells were
ﬁxed and immunostained for B23, nucleolin or UBF (Fig. 4). In mock-
infected cells, B23 was detected in multiple bright foci within nuclei
with some faint diffuse nucleoplasmic staining; however, in KOS-
infected cells, B23 was mostly detected as diffuse nucleoplasmic
staining (Fig. 4A). In contrast, in UL24X-infected cells, discrete foci of
B23 remained. A similar result was obtained for nucleolin in HFFs
(Fig. 4B). In mock-infected HFFs, nucleolin was present as multiple
spots within nuclei, with very light staining in the nucleoplasm. Incontrast, in KOS-infected HFFs, cells with strong foci of nucleolin
staining were rarely observed, and the majority of cells exhibited
diffuse staining for nucleolin. We also observed a few KOS-infected
cells with a combination of both types of staining, in that both
prominent diffuse staining and foci of staining for nucleolin were
detected in the nucleus. In contrast, in UL24X-infected HFFs,
nucleolin was present as discrete spots within nuclei with light
nucleoplasmic staining. Therefore, in HFF cells, HSV-1 infection
caused the UL24-dependent redistribution of both B23 and nucleolin
from nucleoli throughout the nucleoplasm, as seen in immortalized
cell lines.
In contrast to nucleolin and B23, the redistribution of UBF during
HSV-1 infection is UL24-independent in immortalized cell lines
(Lymberopoulos and Pearson, 2010). We tested whether this was
also true in HFF cells (Fig. 4C). In mock-infected cells, UBF was
present as one or multiple large spots within nuclei. In HSV-1-
infected cells, UBF was redistributed throughout nuclei as multiple
smaller spots. A similar pattern was observed in UL24X-infected
cells suggesting that the redistribution of UBF in HFF cells induced
Fig. 4. Redistribution of nucleolar proteins in HSV-1-infected HFF cells. Confocal images of HFF cells either mock-infected or infected with the indicated virus at an MOI of 10. Cells
were immunostained at 18 hpi (green) for A) B23; B) nucleolin; or C) UBF. Nuclei were stained with Draq5 (blue).
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previously in Vero and HeLa cells. Therefore, the effect of HSV-1
infection on nucleolar proteins, and whether the effects are
dependent on UL24 expression, are similar in immortalized cell
lines and in non-immortalized HFF cells. Thus, the contribution of
UL24 to nucleolar modiﬁcations during infection is not dependent
on changes related to the immortalized nature of the previous cell
lines tested.UL24 affects nuclear egress of viral capsids
It was recently demonstrated that nucleolin is required for
efﬁcient nuclear egress of HSV-1 nucleocapsids (Sagou et al., 2010).
Because UL24 can induce the dispersal of both B23 and nucleolin
within host cell nuclei, we hypothesized that through its effect on
nucleoli, UL24 is involved in HSV-1 nuclear egress. To test this
hypothesis, we quantiﬁed viral particles in the nucleus and
Fig. 5. Electron microscopy analyses of HSV-1-infected cells. Electron micrographs of a KOS-infected cell (A) and UL24X-infected cells (B). Arrows indicate some of the viral particles
within the nucleus {N} and the cytoplasm {C}. Scale bar: 1 μm.
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infected with KOS or UL24X at an MOI of 10, and at 12 hpi were ﬁxed
and processed for electron microscopy. We observed nucleocapsids
in the cytoplasm and nuclei of both KOS- and UL24X-infected cells
(Fig. 5); however, fewer viral particles were detected in the
cytoplasm of UL24X-infected cells than in those infected with KOS.
Nuclear capsids and cytoplasmic particles were quantiﬁed in
randomly selected cells from three separate infections per virus. At
least 29 nuclei in total were counted for each virus (Table 1). For
UL24X-infected cells, the cytoplasm corresponding to each nucleus
was determined by equally dividing the space between two nuclei
within a syncytium. The average numbers of nuclear and cytoplasmic
particles, as well as their ratios, are indicated for each of the three
experiments. For the three experiments, the ratio of nuclear to
cytoplasmic particles in KOS-infected cells was between 1.7 and 3.9;
however, in UL24X-infected cells, due to the lower number of
cytoplasmic particles, the ratio was between 6.0 and 8.0. Similar
ratios of particles were obtained for single UL24X-infected cells that
were not part of syncytia. On average, the ratio of nuclear to
cytoplasmic particles was 2.7 in KOS-infected cells and 6.9 in UL24X-
infected cells, which constituted a statistically signiﬁcant difference
(p=0.0089, double sided t-test, α=0.05). Thus, the ratio of nuclear
to cytoplasmic particles was 2.6-fold higher in UL24X-infected cells
compared to KOS-infected-cells, which would be consistent with a
defect in nuclear egress.Table 1
Quantiﬁcation of nuclear capsids and cytoplasmic particles in KOS- and UL24X-infected
cells.
Virus Experiment
no.
No. of nuclei
counted
No. of
capsids
per nucleusa
No. of
cytoplasmic
particles per
nucleusa
No. of particles
in nucleus/
cytoplasm
KOS 1 10 38 22 1.7
KOS 2 10 49 20 2.5
KOS 3 10 77 20 3.9
UL24X 1 12 33 5 6.6
UL24X 2 7 61 8 8.0
UL24X 3 10 35 6 6.0
a Values represent the average number of capsids or particles counted per nucleus
within one experiment. For UL24X-infected cells, the cytoplasm corresponding to each
nucleus was estimated by equally dividing the cytoplasm between two nuclei within a
syncytium.Discussion
Involvement of UL24 in the dispersal of B23 during infection
Along with the effect of UL24 on nucleolin that we have shown
previously (Lymberopoulos and Pearson, 2007), our ﬁnding that UL24
is involved in the dispersal of B23, brings to two the number of UL24-
dependent nucleolar modiﬁcations induced by HSV-1 infection. The
similarities regarding the redistribution of nucleolin and B23 during
infection suggest that the UL24-induced dispersal of these two
nucleolar proteins may involve a similar mechanism.
Infection with the wild-type strain of HSV-1 also induced the
dispersal of B23 and nucleolin in non-immortalized HFF cells. Since
the dynamics of these nucleolar modiﬁcations are maintained among
different cell types, our results support the notion that these changes
to the host cell are biologically signiﬁcant. Supporting this hypothesis
are our previous ﬁndings that the endonuclease motif of UL24, which
is important for both nucleolin and B23 dispersal, is also important for
efﬁcient viral replication in cell culture (Bertrand et al., 2010) and in a
mouse model of infection (Leiva-Torres et al., 2010). The mechanism
involved in these nucleolar modiﬁcations, either in cultured cell lines
or in vivo, remains to be established.
Importance of highly conserved residues and the PD-(D/E)XK motif
of UL24 for B23 dispersal
The N-terminal conserved domain of UL24 contains a PD-(D/E)XK
endonuclease motif. Although to date no nuclease activity has been
attributed to UL24, conserved residues corresponding to the catalytic
domain in other members of this family were shown to be important
for the ability of HSV-1 UL24 to induce the dispersal of nucleolin
(Bertrand et al., 2010). Substitutions of highly conserved amino acids
that are part of the endonuclease motif or that play a role in substrate
speciﬁcity had a similar, although not identical, effect on the capacity
of UL24 to disperse both nucleolin and B23. For the most part,
substitutions in other highly conserved residues of UL24 also had a
similar effect on nucleolin and B23 dispersal.
The importance of the endonuclease motif for B23 dispersal was
also true in the context of infection. The residues E99 and K101 of
UL24 correspond to the catalytic site in other members of this
endonuclease family, while in contrast, G121 is not part of the motif.
The vUL24-E99A/K101A mutation caused a similar decrease in B23
dispersal to that observed for UL24X. However, vUL24-G121A only
had a moderate impact, and different dispersal phenotypes were
347M.H. Lymberopoulos et al. / Virology 412 (2011) 341–348observed. The E99A/K101A mutation has been shown to cause a
decrease in viral titers and be important for the role of UL24 in vivo
(Bertrand et al., 2010; Leiva-Torres et al., 2010), which suggests that
the impact of UL24 on nucleoli affects viral pathogenesis.
Importance of UL24 for efﬁcient nuclear egress
We found that the ratio of nuclear to cytoplasmic particles was
2.6-fold higher in UL24X-infected cells compared to KOS-infected
cells. This difference was mainly due to a reduction in the number of
cytoplasmic particles observed in UL24X-infected cells. Several
aspects of viral replication are important for efﬁcient HSV nuclear
egress, such as the state of the packaged DNA, intranuclear move-
ments, and effects on the nuclear lamina (Martinez et al., 1996; Scott
and O'Hare, 2001; Shao et al., 1993; Vlazny et al., 1982). HSV-1
alkaline nuclease UL12 mutant viruses replicate poorly in cell culture,
and despite the nearly wild type levels of DNA synthesis and
processing, they are deﬁcient in nuclear egress of nucleocapsids
(Martinez et al., 1996; Shao et al., 1993). The absence of UL12
appears to result in the generation of more complex replicative
intermediates of concatemeric DNA, with an increased frequency of
branches, and also in structural abnormalities in the genomes of
progeny virions (Martinez et al., 1996; Porter and Stow, 2004). Given
these observations, it has been suggested that UL12 plays a role in
the resolution of recombination intermediates prior to DNA
packaging. The mechanism involved in the reduction of nuclear
egress in cells infected with the UL24-deﬁcient virus remains to be
determined. A deﬁciency in UL24 expression has a striking effect in
vivo where it is important for high viral titers in neurons and for
reactivation from latency (Jacobson et al., 1998). Therefore, although
the absence of UL24 has a less dramatic effect on viral replication in
cell culture than does the absence of UL12, it is possible that the role
of UL24 in nuclear egress may be even more apparent in neurons
than it is in ﬁbroblasts.
In cell culture, a defect in UL24 expression results in a ﬁve to ten
fold decrease in viral yield in a single cycle of infection (Jacobson et al.,
1998). In addition to the reduction in nuclear egress, we expect that
the overall decrease in the number of capsids we observed in UL24X-
infected cells also contributes to the decreased yield. We did not
detect a decrease in steady-state levels of the capsid protein VP5 in
UL24X- versus KOS-infected cells (Supplemental Fig. S2). At present,
the cause of the reduction in the total number of viral particles in
UL24X-infected cells is unclear.
Recently, it has been shown that siRNA-mediated knockdown of
nucleolin in HSV-1-infected cells results in a reduction in capsid
accumulation and nuclease resistant viral DNA in the cytoplasm
(Sagou et al., 2010); however, this knockdown had little effect on
capsids and viral DNA in the nucleus, suggesting impairment of
nuclear egress of HSV-1 nucleocapsids. Sagou et al. observed a four-
fold decrease of cytoplasmic particles in nucleolin-depleted cells that
were infected with the wild type virus. In our study, we observed a
similar decrease in cytoplasmic particles in cells infected with a UL24-
deﬁcient strain. Because UL24 is implicated in the redistribution of
B23 and of nucleolin, it is possible that UL24 plays a role in nuclear
egress through its effect on nucleoli. It is not known by which
mechanism nucleolin affects HSV-1 nuclear egress. Since nucleolin
was shown to interact with UL12 in infected cells, it was proposed that
this nucleolar proteinmight modify the ability of UL12 to process viral
DNA (Sagou et al., 2010). Another model that was proposed was that
during infection, redistributed nucleolin promotes nuclear egress by
modifying the nuclear lamina, allowing access to the nucleocapsids.
We have not yet detected a direct interaction between nucleolin and
UL24, and the link between UL24 and UL12, if any, remains to be
determined.
In this study, we have shown that UL24 is involved in the dispersal
of B23 in HSV-1 infected cells. As we reported previously for nucleolin,we found that the endonuclease motif of UL24 is important for the
relocalization of B23. The similarities between the effect of UL24 on
nucleolin and B23 suggest that these nucleolar proteins may be
involved in some of the same processes during infection.We have also
found that UL24 is important for efﬁcient nuclear egress of viral
particles; however, a link between B23 and nuclear egress remains to
be determined. Because mutations targeting the endonuclease motif
of UL24 have been shown to affect the efﬁciency of viral replication,
and the effect of UL24 on nucleoli is seen in several cell types
including non-immortalized cells, our results suggest that UL24-
dependent nucleolar modiﬁcations induced during infection are
biologically signiﬁcant. Further studies are required to determine
whether there is a connection between the putative endonuclease
activity of UL24 and its effect on nuclear egress.Materials and methods
Viruses and cells
The HSV-1 strains KOS and UL24XG (Jacobson et al., 1998) were
originally obtained from Donald M. Coen (Harvard Medical School).
vUL24-E99A/K101A isolates a and b and vUL24-G121A isolates a and b
are described elsewhere (Bertrand et al., 2010). All viruses were
propagated on Vero cells (African green monkey kidney cells) grown
in Dulbecco's Modiﬁed Eagle's Media (DMEM) containing 4500 mg/L
of glucose and supplemented with 5% newborn calf serum and the
antibiotics penicillin and streptomycin. COS-7 cells were grown in the
same media as Vero cells, while for HFF cells—non-immortalized
human foreskin ﬁbroblasts—media contained 10% foetal bovine
serum. Cells were maintained in a humidiﬁed incubator with 5%
CO2 at 37 °C.Antibodies
The primary antibodies used were as follows: rat monoclonal anti-
HA (Roche), mouse monoclonal anti-B23, mouse monoclonal anti-
nucleolin, and mouse monoclonal anti-UBF (Santa Cruz Biotechnol-
ogy). Secondary antibodies used at a concentration of 1:500 were as
follows: goat anti-mouse IgG Alexa Fluor 488, goat anti-mouse IgG
Alexa Fluor 568 and goat anti-rat IgG Alexa Fluor 488 (Invitrogen).Immunostaining and ﬂuorescence microscopy
Vero or HFF cells were grown on coverslips and infected at an MOI
of 10 with either KOS, UL24XG, vUL24-E99A/K101A, or vUL24-G121A.
At the indicated hpi, cells were ﬁxed and stained essentially as
described previously (Lymberopoulos and Pearson, 2007). Cells were
washed with phosphate buffered saline (PBS) and ﬁxed in 2%
paraformaldehyde for 10 min. Fixed cells were stored at 4 °C
overnight in PBS. Cells were permeabilized by incubation in 0.1%
Triton X-100 diluted in PBS for 10 min, washed twice with PBS, and
then blocked with NATS (20% NCS and 0.5% Tween 20 in PBS) for
30 min. Incubationwith the appropriate primary antibodywas carried
out in a humidiﬁed chamber at 37 °C for 1 h. Cells were washed
4×5 min in PBS and incubated with the secondary antibody and
Draq5 (Biostatus limited) diluted at 1:250 (to stain nuclei) for 1 h.
Coverslips were washed as described above and were mounted on
microscope slides using ProlongGold antifade reagent (Invitrogen).
For the confocal images, cells were visualized using the BioRad
Radiance 2000 confocal with an argon–krypton laser at 488 and
568 nm (diode 638) mounted onto the Nikon E800 microscope (100×
objective, N.A. 1.4). Figures based on the TIF ﬁles of images were
assembled using Adobe Photoshop.
348 M.H. Lymberopoulos et al. / Virology 412 (2011) 341–348Transfections
Transient transfections of COS-7 cells were carried out essentially
as described previously (Bertrand et al., 2010). 1×105 cells were
seeded per well in 24-well plates and were transfected the following
day with 0.2 μg of pLBPﬂ-HA-UL24 or a mutated version using Fugene
6 transfection reagent (Roche) according to the manufacturer's
instructions. Two days post-transfection, cells were ﬁxed and stained
as described above.
Electron microscopy of infected cells
Vero cells were infected with either KOS or UL24XG at an MOI of
10. At 12 hpi, cells were ﬁxed with 2.5% glutaraldehyde for 30 min,
harvested andwashedwith cacodylate buffer containing 3% sucrose. A
second ﬁxation was performed in 1.3% osmium tetroxide. Samples
were dehydrated by sequential passages in 25%, 50%, 75% and 95%
acetone. Samples were then submersed in Spurr resin:acetone
followed by a submersion in SPURR only. Samples were heated at
65 °C for 30 h to allow polymerization of the resin. Thin sections of the
samples were obtained using an ultramicrotome. Sections were
placed on fomvar–carbon coated grids and visualized using a Hitachi
7100 transmission electron microscope. Nine grids were analyzed for
KOS and eight grids for UL24X. Electronmicroscopy was carried out at
the INRS-Institut Armand-Frappier electron microscopy facility.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2011.01.016.
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